Infection with Trypanosoma cruzi, the agent of Chagas' disease, may induce antibodies and T cells reactive with self antigens (autoimmunity). Because autoimmunity is generally thought to develop during the chronic phase of infection, one hypothesis is that autoimmunity develops only after long-term, low-level stimulation of self-reactive cells. However, preliminary reports suggest that autoimmunity may begin during acute T. cruzi infection. The goal of the present study was to investigate whether cardiac autoimmunity could be observed during acute T. cruzi infection. A/J mice infected with the Brazil strain of T. cruzi for 21 days developed severe myocarditis, accompanied by humoral and cellular autoimmunity. Specifically, T. cruzi infection induced immunoglobulin G (IgG) autoantibodies and delayed type hypersensitivity (DTH) to cardiac myosin. This autoimmunity resembles that which develops in A/J mice immunized with myosin in complete Freund's adjuvant in that myosin-specific antibodies and DTH responses both develop by 21 days postinfection or postimmunization. While the levels of myosin IgG in T. cruzi-infected mice were slightly lower than those in myosin-immunized mice, the magnitude of myosin DTH in the two groups was statistically equivalent. In contrast, C57BL/6 mice, which are resistant to myosin-induced myocarditis and its associated autoimmunity, developed undetectable or low levels of myosin IgG and did not exhibit myosin DTH or myocarditis upon T. cruzi infection. Therefore, humoral and cellular cardiac autoimmunity can develop during acute T. cruzi infection in the genetically susceptible host.
Chagas' heart disease (CHD), caused by the protozoan Trypanosoma cruzi, is a significant cause of morbidity and mortality in the Americas. Sixteen to 18 million people are infected and 120 million people are at risk of infection (20) . CHD develops in 10 to 30% of infected individuals and is a common cause of fatal dilated cardiomyopathy. Infection with T. cruzi has also been shown to induce antibodies and T cells reactive with self antigens (autoimmunity) in both humans and mice (reviewed in reference 13). Specifically, T. cruzi infection may induce the production of antibodies specific for various cardiac proteins, including cardiac myosin (4, 32) , ␤-adrenergic receptor (18, 29) , and laminin (19, 30) . T. cruzi infection may also induce cellular immune responses to myosin in humans and mice, though this evidence is sparse (3, 26) .
Because autoimmunity has been observed most frequently in the chronic stage of disease in humans and experimental animals, it has been proposed that autoimmunity develops as a result of long-term, low-level stimulation of self-reactive cells. However, preliminary reports suggest that autoimmunity may begin to develop during acute infection. Autoantibodies reactive with tubulin and actin have been detected in acute infection in mice, and antibodies specific for laminin are found in acutely infected humans (9, 31) . To our knowledge, there has been no investigation of cellular autoimmunity during acute T. cruzi infection. We set out to determine whether humoral and cellular cardiac autoimmunity might develop during acute T. cruzi infection in a strain of mouse that develops cardiac autoimmunity in response to coxsackievirus infection (21) . This strain, A/J, also is susceptible to development of autoimmunity when mice are immunized with cardiac myosin (reviewed in reference 27). We also tested the C57BL/6 strain because it is resistant to cardiac autoimmunity induced by coxsackievirus infection (34) or myosin immunization (23) . The results presented here provide compelling evidence that both humoral and cellular cardiac autoimmunity can develop during acute T. cruzi infection.
MATERIALS AND METHODS
Mice and T. cruzi. Four-to six-week-old male A/J and C57BL/6 mice were purchased from Jackson Laboratories (Bar Harbor, Maine) and housed under specific pathogen-free conditions. Mice were infected by intraperitoneal injection of 1 ϫ 10 4 T. cruzi Brazil strain trypomastigotes derived from infection of tissue culture H9C2 rat myoblasts (American Type Culture Collection, Manassas, Va.). Uninfected controls received an intraperitoneal injection of Dulbecco's phosphate-buffered saline (PBS) (GibcoBRL, Grand Island, N.Y.) of equal volume.
Antigens. Cardiac myosin heavy chains were purified according to the method of Shiverick et al. (28) . Briefly, mouse hearts were minced and homogenized in 10 volumes of ice-cold KCl buffer (0.3 M KCl, 0.15 M K 2 HPO 4 , 10 mM Na 4 P 2 O 7 , 1 mM MgCl 2 [pH 6.80]). Myosin was extracted from the muscle homogenate by stirring at 4°C for 90 min. The suspension was centrifuged at 140,000 ϫ g for 1 h at 4°C, and the decanted supernatant was diluted with 20 vol of water and incubated at 4°C overnight to precipitate the myosin. The precipitate was collected by centrifugation at 12,000 ϫ g for 30 min at 4°C and suspended in ice-cold imidazole buffer (0.5 M KCl, 10 mM imidazole, 5 mM MgCl 2 , 5 mM Na 2 ATP, 2 mM dithiothreitol [pH 6.80]). The solution was then centrifuged at 43,000 ϫ g for 30 min at 4°C to remove actin. The myosin was precipitated in 8 volumes of ice-cold water at 4°C overnight. The following day the precipitate was collected by centrifugation at 12,000 ϫ g for 30 min at 4°C, and the pellet was suspended in the imidazole buffer and centrifuged at 43,000 ϫ g for 30 min at 4°C to remove residual actin. The supernatant was again precipitated overnight at 4°C in 6.5 volumes of ice-cold water. The precipitate was then collected by centrifugation at 12,000 ϫ g for 30 min at 4°C and suspended in 50 mM Na 4 P 2 O 7 (pH 6.8). Protein concentration was determined by comparing dilutions of the purified myosin solution with known concentrations of purified rabbit myosin heavy chain standards (Sigma, St. Louis, Mo.) by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (15) . Total heart homogenate was prepared by washing A/J hearts with PBS and mincing them with a razor blade, followed by homogenization and lyophilization were performed on hearts. T. cruzi antigen was prepared by washing T. cruzi epimastigotes three times in PBS and resuspending them in PBS before adding an equal volume of acetone. These fixed parasites were then sonicated and lyophilized prior to quantitation of protein concentration by the method of Bradford (2) . T. cruzi epimastigotes were grown at 26°C in supplemented liver digest-neutralized tryptose medium as described previously (14) . Myelin basic protein was purchased from Sigma, and recombinant purified myosin light chain kinase was the generous gift of R. L. Rex Chisholm.
Myosin immunization. Mice were immunized with complete Freund's adjuvant-myosin emulsion (300 g of myosin) in a total volume of 0.1 ml. Three sites in the dorsal flank received subcutaneous injections. Mice were boosted 7 days later in an identical manner.
Histopathology. Hearts were removed, rinsed with PBS, and fixed for 24 h in 10% buffered formalin. Fixed hearts were embedded in paraffin, sectioned in the atrial-apical axis, stained with hematoxylin-eosin, and examined by light microscopy. Myocarditis was defined as any form of inflammation: clusters of round mononuclear cells (Ͼ5 per high-power field) confined to the interstitial spaces between nonnecrotic myocytes (10) .
Serologic analysis. Levels of cardiac myosin-specific immunoglobulin G (IgG) were analyzed by enzyme-linked immunosorbent assay (ELISA). Briefly, Maxisorp plates (Nunc, Roskilde, Denmark) were coated overnight at 4°C with 100 l of cardiac myosin (2.5 g/ml) in PBS. The plates were washed with PBS containing 0.05% (vol/vol) Tween 20 and then blocked with 2% bovine serum albumin (BSA) and 5% normal goat serum. The plates were then incubated with twofold serial serum dilutions (1:10 initial dilution for 16 dilutions) for 2 h at 37°C. After being washed, peroxidase-conjugated anti-mouse IgG (heavy and light chain) (0.25 g/ml; KPL, Gaithersburg, Md.), was added for 1 h at 37°C. The bound enzyme was detected with the 3,3Ј,5,5Ј-tetramethylbenzidine substrate (KPL) and quantitated by measurement of the optical density at 450 nm (OD 450 ) in a Kinetic MicroPlate Reader (Molecular Devices, Sunnyvale, Calif.). One-dimensional SDS-PAGE and immunoblot analysis were performed by standard methods (15, 33) . In all immunoblots, the secondary antibody used was goat-anti mouse (IgG and IgM) (1 g/ml, Caltag, Burlingame, Calif.).
DTH. Myosin delayed-type hypersensitivity (DTH) was quantitated by a standard ear swelling assay. Prechallenge ear thickness was measured with a Mitutoyo model 7326 engineer's micrometer (Mitutoyo MTI Corporation, Aurora, Ill.). Myosin or T. cruzi antigen (10 g in 0.15 M K 2 PO 4 -0.01 Na 4 P 2 O 7 -0.3 M KCl [pH 6.8]) was injected intradermally into the dorsal surface of the ear with a 100-l Hamilton syringe fitted with a 30-gauge needle. Bovine serum albumin was injected in the opposite ear as an injection control. After 24 h, the net swelling of the injection control ear was subtracted from the net swelling of the myosin ear and expressed in units of 10 Ϫ4 inch. Antigen-induced ear swelling was the result of mononuclear cell infiltration and exhibited typical DTH kinetics (i.e., minimal swelling at 4 h and maximal swelling at 24 to 48 h).
Statistical analyses. Between any two groups of mice, comparison of the DTH responses was analyzed by Student's t test while comparison of ELISA dilution curves was analyzed by two-way analysis of variance. Values of P of Ͻ0.05 were considered significant. (Fig. 1) . Inflammatory foci were present near the apex and epicardium of the heart and were typically accompanied by fibrosis (data not shown). In contrast, myosin-immunized mice (five of five) exhibited a diffuse cellular infiltrate that was also found at the apex and epicardium and occasionally throughout the myocardium. Fibrosis was always present (data not shown). None of the control mice (n ϭ 5) developed myocarditis.
Cardiac autoantibodies are induced upon acute T. cruzi infection. To evaluate whether humoral autoimmunity accompanies the myocarditis of acute T. cruzi infection, sera from infected mice were assayed for autoantibodies to cardiac antigens ( Fig. 2A) . Western blot analysis of an A/J heart homogenate revealed similar patterns of autoantibodies produced in T. cruzi-infected and myosin-immunized mice, indicating significant overlap in the repertoire of autoantibodies produced. No autoantibodies were detected in control mice. We hypothesized that the 200-kDa protein detected by sera from infected and immunized mice was the heavy chain of cardiac myosin based on its size. Indeed, sera from both infected and immunized A/J mice reacted strongly with purified syngeneic cardiac myosin by Western blot analysis (Fig. 2A) . The production of antibodies reactive with cardiac myosin is specific since sera from infected or myosin-immunized mice did not react with regulatory myosin light-chain kinase (Fig.  2B) . Interestingly, sera from infected mice did react with myelin basic protein, consistent with the findings of a previous report (1) . Sera were also assayed by a myosin-specific IgG ELISA (Fig. 2C) . High-titer myosin IgG autoantibodies were found in sera from T. cruzi-infected and myosin-immunized mice but not in sera from control mice. Myosin IgG autoantibodies could be detected as early as 7 d.p.i. (data not shown). Autoantibodies reactive with the skeletal isoform of myosin heavy chain were also found in sera of infected mice (data not shown). In conclusion, acute infection with T. cruzi induced the production of autoantibodies with high-titer cardiac myosinspecific IgG.
Strong myosin-specific DTH develops during acute T. cruzi infection. We next investigated whether acute T. cruzi infection also induces cellular autoimmunity by measuring DTH, a widely used and sensitive measure of cellular autoimmunity (11, 12, 35) . Infected mice developed significant myosin-specific DTH as early as 7 d.p.i. Interestingly, at 14 and 21 d.p.i., myosin DTH from infected mice was statistically equivalent to myosin DTH from myosin-immunized mice (Fig. 3) . Acutely infected A/J mice also developed vigorous antibody responses and T-cell immunity specific for T. cruzi, as measured by Western blot analysis (data not shown) and T. cruzi DTH (Fig. 3) , respectively.
Susceptibility to T. cruzi-induced myosin autoimmunity is dependent on host strain. We hypothesized that susceptibility cruzi-induced myosin autoimmune responses in the susceptible A/J strain to those in the C57BL/6 strain, which does not develop myocarditis or cardiac autoimmunity upon myosin immunization (23) . T. cruzi infection induced the production of significantly higher levels of myosin-specific IgG in A/J mice than in C57BL/6 mice (P Ͻ 0.001) (Fig. 4A) . Myosin immunization also induced significantly higher levels of myosin-specific IgG in A/J mice than in C57BL/6 mice (P ϭ 0.002). Not surprisingly, myosin immunization induced higher levels of myosin IgG than T. cruzi infection in both A/J (P Ͻ 0.001) and C57BL/6 mice (P ϭ 0.031). The differences in cellular autoimmunity between A/J mice and C57BL/6 mice were even more dramatic. Upon either T. cruzi infection or myosin immunization, A/J mice generated significant myosin DTH while C57BL/6 mice did not (Fig. 4B) . However, T. cruzi infection did induce strong T. cruzi DTH in C57BL/6 mice, suggesting that C57BL/6 mice were still capable of mounting T cell immunity to foreign antigens. Histologic analysis of the heart revealed that only A/J mice developed myocarditis, upon either T. cruzi infection or myosin immunization (Fig. 5) , while C57BL/6 mice did not.
DISCUSSION
The present study provides the first evidence that acute T. cruzi infection induces humoral and cellular cardiac autoimmunity together with antiparasite immunity in mice. This autoimmunity resembles that which develops in mice with myosin-induced myocarditis in that high levels of both myosin IgG The results of this study are unique in several aspects. Cellular autoimmunity has not previously been shown to develop during acute T. cruzi infection, despite its documented presence in some instances of chronic human and murine infections (3, 25) . It was previously hypothesized that autoimmunity would develop in the susceptible host only after long-term, low-level stimulation of the autoreactive cells. In addition, the different susceptibilities of murine strains to myosin autoimmunity suggest that T. cruzi induced autoimmunity may have an immunogenetic component.
How can an infectious agent like T. cruzi induce humoral and cellular autoimmunity to myosin as early as 7 d.p.i.? Bystander activation and molecular mimicry are two potential mechanisms (16, 17) . In bystander activation, cardiac specific T cells are stimulated to overcome their tolerant state in response to autoantigen release resulting from parasite-mediated myocytolysis. The hypothesis of molecular mimicry holds that an immune response is generated to parasite antigens that crossreact with self proteins, cardiac proteins in this case. Although there is circumstantial evidence supporting molecular mimicry between T. cruzi antigens and cardiac myosin (3, 4) , bystander activation seems more likely because myosin autoimmunity develops in response to many different cardiac inflammatory insults, including viral infection (22) , allograft rejection (7), and cardiac surgery (5, 6, 24) .
Both T. cruzi infection and myosin immunization of A/J mice induce cardiac damage: in one case, infection and lysis of cardiac myocytes by the parasite causes the damage; in the other, peripherally sensitized myosin-specific T cells home to the target organ and initiate the inflammatory process. The cardiac damage, which occurs in both cases, may be a central autoimmunity-inducing stimulus. As a result, the tissue destruction promotes the elaboration of a polyclonal, polyspecific autoantibody response as evidenced by the observation that autoantibodies from both groups of mice reacted strongly with overlapping sets of cardiac proteins ( Fig. 2A) . Myosin-immunized mice developed higher levels of anti-myosin IgG than did T. cruzi-infected mice, perhaps because the amount of tissue destruction and "secondary" myosin priming were greater or the dose and route of myosin immunization were more potent (Fig. 2B) . With respect to cellular autoimmunity, T. cruziinfected mice demonstrated an increase in myosin DTH from 7 to 14 d.p.i., presumably due to the expansion of myosinspecific T cells stimulated by ongoing tissue destruction.
The development of myosin autoimmunity upon T. cruzi infection is probably dependent upon host immunogenetic susceptibility. There are several possible reasons why infected C57BL/6 mice failed to develop myosin DTH. C57BL/6 mice do not develop myosin autoimmunity upon myosin immunization (23) (Fig. 4) or coxsackievirus infection (34) , while A/J mice do, suggesting that C57BL/6 mice are naturally resistant to myosin autoimmunity. Conversely, A/J mice are naturally susceptible to develop myosin autoimmunity and do so readily in response to any number of stimuli, including infection with a cardiopathogenic protozoan. However, if cardiac damage is required for the development of myosin autoimmunity during T. cruzi infection, it is possible that the C57BL/6 mice did not develop autoimmunity for this reason and not because the strain is autoimmunity resistant.
What is the role of myosin autoimmunity in acute T. cruzi myocarditis? Myosin autoimmunity may be directly responsible for tissue inflammation, may predict autoreactive inflammation developing during the course of infection, or may have no role in tissue inflammation (i.e., it is an epiphenomenon). Myosin autoimmunity is sufficient to cause myocarditis in myosin-immunized mice, and so it is possible that it is also inflammatory in acute T. cruzi infection. In this study, we provide no evidence addressing this question. However, the possibility that myosin autoimmunity is pathogenic in T. cruzi-infected A/J mice can be directly tested using myosin-specific peripheral tolerance, which effectively prevents myosin-induced myocarditis in the same animals (8). In conclusion, infection of A/J mice with the Brazil strain of T. cruzi induces vigorous humoral and cellular myosin-specific autoimmunity during acute disease in a genetically restricted manner. Whether some humans develop autoimmunity during acute T. cruzi infection as do strains of mice is worthy of further investigation.
